Transport of anionized ferritins (AF, pi = 3.8-4.2), weakly cationized ferritins (WCF, pi = 7.8-8.1) and cationized ferritins (CF, pi > 9.0) was investigated in the rabbit aorta and vasa vasorum. After a 2-minute in situ perfusion, all ferritin species entered luminal vesicles and bound to the luminal endothelial membrane with a high surface density at vesicle necks and regions of cell overlap. In comparison to the aorta, the vasa vasorum had a higher surface density for AF, lower surface densities for CF and WCF, and fewer vesicles containing CF, WCF, or AF. In both types of vessels, vesicle loading of all ferritin species did not agree with a Poisson distribution. After perfusion times of up to 30 minutes, no abluminal vesicles or vasa vasorum endothelium contained CF or WCF; a few albuminal vesicles near cell borders contained AF. In the vasa vasorum, CF and AF entered the subendothelium via occasional fenestrae; AF, but not CF, also permeated the adventitia. Our findings indicate that: 1) binding sites for oppositely charged particles coexist in the same microdomains; 2) the glycocalyces of the vasa vasorum and aorta differ in their relative affinities for oppositely charged particles; 3) vesicular labeling with ferritin is not solely diffusive; and 4) vesicles do not traverse the aortic endothelium under these experimental conditions. (Arteriosclerosis 4:372-382, July/August 1984)
T he transendothelial transport of macromolecules between the blood and the arterial wall is of considerable importance in atherogenesis. The endothelium forms the principal barrier to the passage of macromolecules from the lumen to the arterial wall, 1 -2 but the precise nature of this resistance has not been established. The sialic acid and the acidic glycoproteins on the endothelial surface 3 " 5 contain carboxyl and sulfonyl groups that provide negative charges at physiological pH and ionic strength. 6 " 9 It has been suggested that plasma proteins bind to these anionic groups and possibly reduce vascular permeability and total hydraulic conductivity. 10 Distribution and movement of anionic membrane components may therefore be relevant to the normal function of the blood vessel wall. It has also been suggested that changes in surface charge density may initiate thrombosis. 11 The detailed distribution of the anionic sites has been demonstrated using cationized ferritin in cultured cells, 12 14 in rabbit ear arteries, 8 and in rabbit and baboon aortas in vitro. 15 - 16 Several of these studies have yielded quantitative information about the distribution of anionic sites on the endothelial surface 10 -13 - 14 and the influence of charge interactions on vesicle loading. 14 -16 - 17 However, such quantitative investigations have not been made on large vessels subject to transmural pressure and with physiological tethering, and there is a lack of information on charge distribution of the endothelial surface of vasa vasorum. This information is required if we are to elucidate the transport properties of large vessels, such as the aorta, in which a significant proportion of medial macromolecular uptake derives from the vasa vasorum.
The experiments described in this paper were performed on in situ preparations of the rabbit thoracic aorta in which the vasa vasorum were patent. 18 A comparison between the behavior of cationized and anionized ferritins was made to determine the distribution of charged sites on the aortic and vasa vasorum endothelial surfaces and to assess the impor-tance of the surface charge of the permeating molecule in transvascular transport.
Methods

Animals
The experiments were performed on 26 New Zealand White rabbits weighing 2.5-3.5 kg each. Our animal care facility is accredited by the American Association for Accreditation of Animal Laboratory Care, and all procedures were reviewed and approved by the veterinary staff of the Division of Laboratory Animal Medicine.
Ferritin
Cationized ferritin was obtained from Polysciences (Warrington, Pennsylvania, 25 mg/ml in 150 mM NaCI) and Sigma Chemical Company (St. Louis, Missouri, 20.8 mg/ml in 150 mM NaCI). By isoelectric focussing on polyacrylamide gels, the isoelectric point (pi) was found to be > 9.0 for the Sigma preparation but only 7.8-8.1 for the Polysciences preparation. Thus, the ferritin from Polysciences was only weakly cationized at pH 7.4 and shall be denoted as WCF. The Sigma preparation shall be referred to as CF. CF and WCF were diluted with Tyrode's solution (pH 7.4) and used separately at a concentration of 0.5 mg/ml. No albumin or dextran was added to the solution to avoid any possible interaction of these molecules with the cationized ferritins. Cd-free native ferritin was obtained from Polysciences (100 mg/ml in 150 mM NaCI). Determination of the pi of this ferritin preparation showed that it was negatively charged with a pi of 3.8 to 4.2; it shall be referred to as AF. AF was dialyzed against Tyrode's solution (pH 7.4) and used at a concentration of 100 mg/ml. This high concentration was needed to attain significant AF binding to and transport by the endothelium. No other macromolecules were added to the AF solution, as was the case for CF and WCF.
The state of the CF and AF particles was checked at exit from the cannulated arteries after a 10-minute perfusion by placing a drop of each solution on a butvar-coated grid and examining it with a Zeiss EM9S electron-microscope (Zeiss, Thornwood, New York). This process demonstrated that the ferritin remained monomolecular throughout the perfusion.
Surgery and In Situ Perfusion
The rabbits were anesthetized with sodium pentobarbitone (30 mg/kg i.v.). The trachea was cannulated and respiration was maintained with a ventilator. The abdomen was opened by a midline incision, and the stomach and liver were displaced to expose the diaphragm, which was divided on the left side. The aortic bifurcation was cannulated with a PE 190 polyethylene tubing which had been filled with Tyrode's solution (pH 7.4) by means of a syringe via a threeway stopcock. The sternum was split longitudinally to the level of the third costrochondral junction. In preparation for cannulation, two 1-cm lengths of the descending aorta were cleared of surrounding tissue just distal to the origin of the innominate artery and just proximal to the origin of the coeliac artery. The PE 190 tubing was advanced until its tip was proximal to the coeliac artery. The tubing was tied securely in position, and simultaneously the aorta was ligated distal to the origin of the innominate artery. The three-way stopcock was opened to a reservoir of Tyrode's solution which was air-pressurized to 50 mm Hg as measured with a mercury manometer. A 16-gauge butterfly needle catheter, which had been connected to the reservoir via another stopcock, was then inserted into the aorta just distal to the ligation and secured. The three-way stopcock connected to the PE 190 tubing was then turned so that the tubing was disconnected from the reservoir and opened to atmopshere to serve as an outlet; the pressure gradient from the reservoir through the needle catheter caused the aortic segment to be flushed clear of blood. The flow rate was always less than 1 ml/sec, corresponding to an estimated wall shear stress of approximately 6 dyn/cm. 2 The animal was sacrificed with an overdose of anesthetic, and the Tyrode's solution was replaced by the ferritin solution at 50 mm Hg. This pressure was chosen because it was sufficient to prevent aortic collapse but low enough to keep the loss of perfusate through the intercostals to an acceptable level. After a predetermined perfusion time, the ferritin was replaced by Karnovsky's fixative at 50 mm Hg and 4°C. Fixative was also applied to the outer surfce of the aorta and renewed every 20 minutes for 1 hour. The vessel was then excised, discarding any possibly damaged areas near cannula tips, and cut into segments approximately 1 cm long. To check the possibility that fixation before exposure to CF would affect CF distribution on the endothelial surface, we also perfusion-fixed some of the in situ preparations with a 1% formaldehyde in sodium phosphate buffer (pH 7.4) for 10 minutes before CF perfusion.
Tissue Processing for Electron Microscopy
Tissue segments were postfixed in ice-cold 1% sodium cacodylate-buffered OsO 4 for 1 hour, stained for 30 minutes with 1% uranyl acetate, dehydrated in ascending series of ethanol, and embedded in Spurr's resin in small capsules. The segments were oriented to provide full thickness sections of the media perpendicular to the intimal surface. Sections were cut with a diamond knife on a MTZ-B Sorvall Ultramicrotome (Dupont Instruments, Sorvall Operations, Newtown, Connecticut), stained with uranyl acetate, lead citrate, and bismuth subnitrate, and then examined with the electron microscope. Several sections from some blocks were left unstained so that particle counts for stained and unstained sections could be compared to ensure that stained granules were not mistakenly counted as ferritin particles.
Estimation of Plasmalemmal and Vesicular Labelling with Ferrltln
From two different areas of each vessel, 50 to 60 sections were cut transversely, so that each included two to three vasa vasorum vessels, and they were examined in the electron microscope. For the quantitation of plasmalemmal labeling, 20 prints with a final magnification of x 80,000 were taken from each aorta and accompanying vasa vasorum. The number of ferritin particles attached to the endothelial plasmalemma was counted using a Hipad Digitizer (Houston Instrument, Austin, Texas) linked to a PDP-11 computer (Digital Equipment Corporation, Maynard, Massachusetts). Areas of cellular overlap (flaps) were counted separately from the rest of the membrane. The total number of ferritin particles adhering to vesicle necks and the number of luminal vesicles with labeled necks were counted on each print. The particle densities at the flaps and elsewhere on the membrane were calculated for each print from measurements of luminal membrane length. The corresponding particle densities at vesicle necks were determined, using the neck dimension, i.e., the shortest distance between the opposite sides of the invagination, of 43.0 ± 0.6 nm (n = 1000).
The labeling of luminal and abluminal vesicles was assessed by determining the total number of vesicles counted (N T ), the number of vesicles labeled with ferritin (N L ) and the total number of ferritin particles seen within the vesicles (F). From these results, we calculated: 1) the fraction of vesicles in a given population containing any ferritin particles, N L /N T ; 2) the mean number of particles per labeled vesicle, F/N L ; and 3) the mean number of the particles per vesicle, F/N T .
Over 300 vesicles were counted for each specimen; only five vesicles from each cell were included in the measurements to maximize the number of cells sampled. The mean values were obtained by pooling N T , N L , and F from all experiments for each type of ferritin. The fraction of vesicle volume which lay outside the section was assumed to be 0.1875, 19 and the final values were adjusted for this. The 95% confidence limits for the mean values of N L /N T were calculated 20 as:
To calculate the F/N L values to be expected if vesicle labeling proceeded by simple diffusion, it was necessary to determine the luminal particle densities in the perfusate for a given ferritin concentration. An aorta, with its vasa vasorum, was perfused with 100 mg/ml AF in plasma instead of in Tyrode's solution so that the AF could be fixed within the vasa vasorum by dripping fixative on the aortic surface. Measurements on four electron micrographs yielded a mean luminal particle density of 10.1 x 10 4 particles/Aim 3 . This method could not be used for the cationized ferritins because plasma proteins cause the particles to aggregate, and a representative value of luminal particle density can not be obtained. For this case, the luminal particle density was estimated by assuming the molecular weight of the cationized ferritins to be in the range of 460,000 to 900,000. The number of ferritin molecules of radius 5.5 nm expected to be in a vesicle of radius 35.0 nm, allowing for steric exclusion, 21 could then be calculated for both cationized ferritins.
Results
Distribution of Ferritin on Endothelial Cell Surface and within Vesicles
For all ferritin species, the particle counts were not significantly different between stained and unstained sections, indicating that stained granules were not being mistakenly identified as ferritin particles. Particle counting of stained sections was facilitated by printing the electron micrographs on paper with less contrast than is normally used for good reproductions.
Cationized Ferritin
Aorta. The endothelial surfaces of six aortas (two of them prefixed with 1 % formaldehyde) that had been perfused for 2 minutes with CF were covered by continuous layers of CF ranging from 1 to 12 particles in thickness, with an average thickness of 3 to 4 particles in most regions (Figure 1 ). The CF particle density was significantly higher (p < 0.001) on vesicle necks and on areas of cell overlap than elsewhere (Table 1) . CF particles aggregated at almost all luminal vesicle necks and often in the wide regions of intercellular clefts on the luminal side. Prefixation had no effect on particle distribution.
Almost all luminal vesicles (Table 1) and some cytoplasmic vesicles contained CF particles close to their inner membrane and within the vesicular space. Studies with ruthenium red suggest that most of these cytoplasmic vesicles are probably open to the lumen in another plane. 22 The calculated value of F/N L to be expected from simple diffusion, by using the luminal CF concentration, was found to be in the range of 0.03 to 0.07 particles/vesicle, which is far lower than the value of 9.0 observed ( Table 1) . However, 'f the concentration of CF aggregated at vesicle necks (8.8 ± 1.6 x 10" /xm' 3 , estimated from 60 electron micrographs) is used in the calculation instead of the luminal concentration, the computed F/N L value of 9.5 comes close to the observed value. CF particles were not seen within abluminal vesicles or in the subendothelium. Prefixation did not affect vesicle loading.
Since a 2-minute CF perfusion may have been too short for transendothelial vesicle transport, vessels were CF-perfused for 10 minutes (one vessel) and 30 minutes (two vessels). Electron micrographs showed that particles were still absent from aortic Values are means ± SD. Luminal concentration of ferritin was 0.5 mg/ml for CF and WCF, and 100 mg/ml for AF. 'Cell overlaps exist rarely in vasa vasorum endothelium. fNumber of particles was insufficient for statistical analysis. endothelial albuminal vesicles and from the subendothelium (Figure 2) . On the luminal surface we observed CF aggregates that were separated by large regions of membrane devoid of particles. Very few particles,were seen in the luminal vesicles.
Vasa Vasorum. The pattern of distribution of CF particles on the endothelial luminal membrane resembled that seen in the aorta (Figure 3 ), but the average CF particle density on the membrane was lower (p < 0.001, Table 1 ). Fewer vesicle necks were labeled than in the aorta, but the particle density at the labeled necks was higher (p < 0. smaller (p < 0.001) than the value expected if vesicle loading were in equilibrium with CF concentration at vesicle necks (7.5 ± 1.4 x 10 4 nm' 3 , n = 35). No particles were observed in abluminal vesicles. Occasionally, gaps about 40 nm wide were seen between endothelial cells, which may correspond to the "fenestrae" observed in pancreatic capillaries.
513 CF particles aggregated within these gaps and sometimes penetrated through to the subendothelium, but they did not enter the adventitia. CF particles were very infrequently observed in the subendothelium beneath regions of continuous endothelium, and only in areas where the endothelial thickness was less than 2 vesicle diameters.
Weakly Cationized Ferritin
Aorta. After 2-minute perfusions of three vessels with WCF, far fewer particles were seen on the endothelial surface than CF at the same luminal concentration (Table 1) . WCF did not usually adhere singly to the membrane, but formed groups of four to ten particles. A higher particle density was observed at vesicle necks and, to a lesser extent, at regions of cell overlap (Table 1) . No abluminal and very few luminal vesicles were labeled. The value of 2.0% ± 1.4% obtained for F/N L (Table 1 ) was similar to the value of 1.8 predicted from the concentration at vesicle necks (1.7 ± 0.9 x 10Vrrr 3 ), but was 2-3 times greater than that predicted from the luminal concentration. N L /N T and F/N L for WCF were markedly lower than those values obtained with the same luminal concentration of CF.
Vasa Vasorum. The WCF particle density on the endothelial surface and the N L /N T value were both lower than those of the aorta (p < 0.001). No WCF particles were seen in abluminal vesicles, the subendothelium or the adventitia.
Anionized Ferritin
Aorta. The 2-minute perfusions of four vessels with AF at the high concentration of 100 mg/ml resulted in a discontinuous scattering of ferritin particles along the endothelial membrane (Figure 4) . Most of the AF particles were positioned in an unclustered, apparently random manner. Aggregates occurred, however, in about 50% of the vesicle necks (arrowheads), in regions of cellular overlap, and sometimes at the luminal entrance of intercellular clefts. The particle density, percent labeling and F/N L cannot be directly compared with the values obtained with the other two types of ferritin, because of the high luminal concentration used for AF. We noted that N L /N T and F/N L for AF were lower than those values for CF, even though the concentration of AF used was 200-fold greater than that of CF (Table 1) . At an AF concentration equal to that used for CF and WCF, all values in Table 1 would be near zero. The F/N L value for AF (2.8% ± 1.8%) was significantly lower than the value (11) calculated from the luminal concentration (p < 0.001) but was similar to the value of 2.5% ± 0.7% expected if vesicle loading were in equilibrium with the concentration of particles at vesicle necks (2.3 ± 1.4 x 1O'Vm~3, n = 30). AF particles within vesicles were mainly bound to the inner membrane (Figure 4) . Occasional AF particles were seen within abluminal vesicles near the intercellular clefts, but since particles were sometimes observed within the intercellular clefts in LUMEN these regions, it is possible that the AF first entered the subendothelium via "leaky" junctions and then diffused back into the abluminal vesicle from the abluminal surface. When the perfusion time with AF was increased to 10 minutes in three vessels, the percentage of labeled abluminal vesicles did not increase.
Vasa Vasorum. AF distribution on the endothelial surface of the vasa vasorum had a pattern similar to that found in the aorta (Figure 5 A) . In comparison to the aorta, the vasa vasorum endothelium showed a higher percentage of luminal vesicle necks labeled with AF, but a lower percentage of luminal vesicles loaded with AF, (N L /N T ) (p < 0.001, Table 1 ). The overall particle density and the mean particle density on vesicle necks were both significantly greater in the vasa vasorum than in the aorta (p < 0.001); the values of F/N L were similar. The F/N L in the vasa vasorum endothelium was significantly smaller (p < 0.001) than the value expected from the luminal AF concentration as well as that expected if vesicle loading were in equilibrium with AF concentration at vesicle necks (3.4 ± 1.3 x 10 4 /irrr 3 , n = 35). AF particles were seen in the subendothelium and the adventitia ( Figure 5 ). This may be the result of AF passing through endothelial fenestrae. A small proportion of the albuminal vesicles (1.5% ± 0.9%) were labeled with one or two AF particles per vesicle. Since this only occurred in regions where the endothelium was no more than 3 vesicle diameters thick, it may have resulted from the presence of transendothelial channels formed by fusion of vesicles, or the back-diffusion of AF after passing through the fenestrae. AF particles within the subendothelium and adventitia were associated with patches of electron-dense material and were excluded from the elastic tissue and collagen fibers (Figure 5 B) . However, they were frequently seen between the collagen fibers and closely associated with them.
Probability of CF and AF Loading In Endothellal Vesicles
The distributions of CF and AF particles in luminal vesicles were examined by plotting F/N T against N L /N T ( Figure 6 ). These data are compared with the curve expected for a Poisson distribution, which predicts that the probability of vesicle loading is equal to 1-e~\ where \ is the mean number of particles per vesicle. The majority of our data points for both AF and CF fall below the Poisson distribution curve. Points for WCF also fall below the curve, but they are not shown in Figure 6 .
Discussion
To interpret the results of our studies on the uptake of charged ferritins by the rabbit aorta in situ, we must consider the effects of the experimental procedure used on the labeling of the endothelial membrane and vesicles. It has been reported that fixation of the endothelium before exposure to CF gives a more uniform CF particle surface distribution compared to that seen on unfixed endothelium in both culture 8 and in vitro aortic preparations, 16 and the suggestion has been made 18 that CF induces a redistribution of anionic sites in unfixed endothelium. We found, in common with studies on mouse capillaries 13 perfused in situ, that the distribution of CF particles added to pre-fixed tissue was not different from that of CF added to unfixed tissue. Thus, in our in situ arterial preparation, CF perfusion for 2 minutes did not appear to cause a redistribution of anionic sites on the endothelial surface. Redistribution did occur, however, if CF perfusion was continued for 10 minutes.
One drawback of our experimental technique was the use of an unphysiological perfusion pressure, 50 mm Hg, for ferritin perfusion. However, when comparing electron micrographs of tissue from aortas and vasa vasorum from this study with those from preparations fixed at different pressures in the range of 50 to 100 mm Hg, we found no morphologic differences. Structures such as fenestrae do not, therefore, appear to be artifacts of low perfusion pressure.
Our experiments on the rabbit aorta perfused for 2 minutes with ferritin showed that the degree of binding of ferritin particles to the endothelial membrane and vesicle necks varied with their pi. Results with CF and WCF can be compared directly since the luminal concentrations used were identical, but in comparisons with AF we must consider the 200-fold concentration difference. At the same luminal concentration of 0.5 mg/ml, the particle density on luminal membrane was approximately 40 times higher for CF than for WCF. The ratio of the particle density at aortic vesicle necks compared to that elsewhere on the membrane was 1.8 for CF and 20 for WCF. This suggests that the binding sites at vesicle necks have a higher affinity for cationized ferritin than sites elsewhere on the membrane and that if the ferritin is only weakly cationized, very little is bound to sites of lower affinity. Other authors, 10 using frog mesenteric capillaries, also suggested that some endothelial binding sites have a higher affinity for CF, but they did not comment on the location of these sites. At the high luminal concentration of 100 mg/ml, AF still showed a lower particle density on the luminal membrane than CF at 0.5 mg/ml. There are no published quantitative studies on adherence of AF to vascular endothelial membranes. Some workers 10 ' 15~17 found little or no AF particle adherence, but the AF concentrations used were far lower than in this study. When high concentrations are used, the predilection of AF for vesicle necks and flaps suggests that positively charged binding sites may exist in the cell membrane or glycocalyx in these regions. Since vesicle necks and flaps also showed a high affinity for CF, it appears that negatively and positively charged sites coexist in the same microdomains of the membrane. This argument assumes that the binding of charged particles to the cell surface is electrostatic in nature. Gasic et al., 23 who observed binding of both positively and negatively charged particles to the TA3 cell surface, gave some evidence for electrostatic binding: the dependence of binding on pH.
The higher affinities for CF and WCF and the lower affinity for AF shown by the aorta relative to the vasa vasorum suggest that, if the binding is electrostatic, the two types of endothelia have different surface charge densities; the endothelial surface of the vasa vasorum seems to have more positively charged and fewer negatively charged sites than that of the aorta. Further support for this hypothesis arises from a previous study 24 in which negatively charged gold particles were seen to bind much more densely to the rabbit vasa vasorum glycocalyx than to that of the aorta. 24 However, we must also consider the effects of possibly different hemodynamic conditions within these two types of vessels during perfusion.
Our experiments also show that the filling of aortic vesicle cavities is greater for particles with higher pi. In common with other studies, 9 ' ia 12 -14 ' 15 vesicles are seen to be almost completely filled with CF particles, indicating that the ruthenium red stainable material within vesicles 24 " 27 does not offer appreciable steric hindrance to CF. In contrast, fewer AF particles can gain access to the vesicle cavity even when the luminal concentration is 200-fold greater than that used for CF. Other workers 19 observed very little vesicle loading with AF in capillary endothelium and suggested that the vesicle neck bears a net negative charge in common with the material within the vesicle cavities, and so forms a transport barrier. If this were true for aortic endothelium, it would account for the high concentrations of CF we observed adhering to vesicle necks. However, studies on mouse capillaries
13 have demonstrated a complete absence of CF labeling of vesicles or vesicle necks, although the adjacent luminal membrane and fenestrae are often heavily labeled. This may be due to the difference in species and/or type of blood vessel studied. Our study shows that in aortic endothelium, vesicle filling is in equilibrium with the particle concentration at vesicle necks for all ferritin species. Thus, for AF particles approaching the endothelium from the lumen, the neck functions as a transport barrier primarily by inhibiting their adhesion, but those particles that manage to contact the diaphragm are not prevented from entering the vesicular cavity. In the vasa vasorum the vesicle neck functions as a barrier even after the particles have adhered. The findings of F/N L values lower than those calculated by using the ferritin concentrations at the neck indicate that the diffusion of adherent AF and CF particles into the vesicular cavity is partially impeded.
In both vessels, vesicle labeling with CF and AF did not appear to depend solely on diffusion from the lumen. For a given percentage of labeled vesicles, the average number of particles per vesicle was greater than expected from a Poisson distribution. This observation may be explained by the existence of an attractive force by vesicles on CF and AF or the presence of two groups of luminal vesicles, one allowing ferritin access and the other not. For aortic vesicle filling with CF, only the first explanation is tenable because almost all the luminal vesicles were filled. Other authors 17 ' 19 ' 20 have shown in frog mesenteric capillaries that vesicle labeling with CF and AF does follow a Poisson distribution. Despite the fact that Clough' 7 used CF at a high concentration (100 times that employed in the present experiments) and with a high pi (10.5), the density of particles bound to the endothelial surface and the value of F/N L in their capillaries were both significantly lower than the corresponding values for our aorta, suggesting that there is a lower density of negative binding sites in their capillaries. The high concentration of negative binding sites in the aortic glycocalyx may cause the attraction of CF and WCF particles to vesicle necks and subsequently to vesicle cavities, thus yielding a greater F/N L than would result from the free diffusion from the lumen. In the vasa vasorum the majority of vesicles excluded CF and WCF particles, but those that allowed them access were also filled with a greater concentration, for the percentage of vesicles labeled, than expected from luminal diffusion. This indicates the presence of either an attractive force and/or two groups of luminal vesicles, one allowing access of CF and WCF, and the other not. This could result from differences in the net charge density at the vesicle neck, or in the effective "pore size" of the vesicle, which would implicate steric hindrance, at least in the case of the vasa vasorum. When AF was used, vesicle filling in both the aorta and the vasa vasorum seemed to approximate a Poisson distribution more closely (Figure 6 ), but the vesicles still contained more particles, for the percentage of vesicles labeled, than expected from luminal diffusion. It is not clear which explanation applies to this case, but the adherence of particles to the vesicle inner membrane suggests the presence of an attractive force.
The almost total absence of CF, WCF, or AF particles from abluminal vesicles of the aortic endothelium after in situ perfusions up to 30 minutes suggests that, under our experimental conditions, vesicles do not detach from the luminal membrane, traverse the cell, and fuse with the abluminal membrane. Al-though a small number of abluminal vesicles near intercellular clefts were labeled with AF, either the endothelium in such regions was so thin that abluminal vesicle labelling could occur just by fusion with a luminal vesicle, or there was evidence of adjacent 'leaky' junctions. These results suggest that the short-term macromolecular mass transfer studies which have been performed on large arteries (e.g., references 2, 28-34) should be reconsidered in terms of transendothelial vesicular transport occurring only at cell peripheries. It may be a argued that, since we used Tyrode's solution as a perfusate, our finding may not apply in vivo. However, preliminary, unpublished experiments using AF in plasma have given similar results. The reason why the luminal vesicles fail to close is not clear, but if closure depends in part on migration of intramembranous proteins away from the vesicle neck as observed in endocytotic vesicles, 35 " 37 it is possible that the ferritin particles interlock with membrane proteins on either side of the vesicle neck and immobilize them.
Although no CF and very little AF appeared to penetrate through the aortic endothelium, both molecules passed through the vasa vasorum endothelium. There seems to be three possible routes; first, the fenestrae; second, the vesicle channels since large areas of vasa vasorum endothelium are only 2 or 3 vesicle diameters thick; and third, the intercellular clefts. Once the vasa vasorum endothelium has been penetrated, the CF can progress no further, but the AF rapidly penetrates throughout the adventitia and enters the media. Since most plasma proteins are negatively charged, they probably show transport kinetics similar to those of AF. It is possible that the CF is arrested because it binds to the negatively charged proteoglycans that are distributed within the adventitia.
This study has shown that, at a transmural pressure of 50 mm Hg, most of the transport of AF into the aorta takes place through the vasa vasorum and that, for times up to 30 minutes, very little ferritin is transported through the aortic endothelium. It is possible that the lack of transendothelial transport of AF from the main lumen of the aorta is due to the low transmural pressure used in these experiments. However, previous experiments with gold colloid 3 * have shown that at transmural pressures of 100-200 mm Hg there is only a slight increase in the transport of macromolecules across the aortic endothelium compared to that seen at 50 mm Hg. The present study suggests that the vasa vasorum are important in providing a low resistance pathway for macromolecules to gain entry into the artery wall, and that this transport function is related to endothelial morphology and possibly surface charge.
